We study the spin Hall effect (SHE) enhancement of transmitted light through an anisotropic metamaterial slab. Physical mechanism of large transverse shift is explained based on the coupling between spin angular momentum and orbit angular momentum. Theoretical analysis predicts large transverse shift of transmitted light can be realized by four possible combinations of real or imaginary z component of the wave vectors, which is verified by simulation results. The anisotropy of metamaterial brings greatly enhanced SHE of transmitted light but the metamaterial loss and dispersion will reduce the transverse shift significantly. A maximum transverse shift of 15.24 μm (12λ) can be achieved in an anisotropic metamaterial of ZnGaO/ZnO multilayer without any amplification method. Index Terms: Spin Hall effect of light, anisotropic metamaterial, loss, dispersion.
Introduction
Spin Hall effect (SHE) of light has recently drawn significant attention owing to its physical interest and potential applications in nano-photonic devices [1] - [2] . SHE of light manifests itself as the split of a linearly polarized beam into left-and right-circular components when a light beam propagates through waveguides. Thus the left-and right-circularly polarized lights undergo transverse shifts perpendicular to the plane of incidence. The physical mechanism of this phenomenon is the coupling between spin angular momentum (SAM) and orbit angular momentum (OAM) based on the angular momentum conservation law. SHE of light can be used inspin-controlled shaping of light using anisotropic structured interfaces [3] and robust spin-directional coupling via evanescent near fields [4] . SHE of light is sometimes referred to Imbert-Fedorov (IF) effect as it was theoretically predicted by Fedorov and experimentally confirmed by Imbert [5] - [6] . Generally the transverse shift of transmitted light is on the subwavelength scale and is difficult to be directly measured with conventional experimental methods. Therefore in order to facilitate its application, researchers take measures to enhance and modulate the SHE of reflected light in recent years. A transverse shift of reflected light up to 10 wavelengths at air-glass interface has been reported by recent experimental work [7] without any amplification method. For transmitted light, the transverse shift can be theoretically increased to about 7 wavelengths in a thin epsilon-near-zero metamaterial slab [8] . As metamaterial is always anisotropic, we wonder whether the anisotropy of permittivity brings SHE enhancement of transmitted light.
Hyperbolic metamaterial (HMM) is a new kind of anisotropic metamaterial [9] - [10] formed by stacks of alternating, subwavelength-thin metallic and dielectric layers which can be regarded as an effective uniaxial crystal [11] - [13] . In 2007, HMM based on semiconductors was first demonstrated at about 9 μm in an InGaAs/AlInAssuperlattice [14] . Then a ZnAlO/ZnO multilayer structure was proposed in 2012 which realize negative refractive index in the near-infrared spectral range at about 1.9 μm [15] . Recently Sascha et al. demonstrated HMMs operating at telecommunication wavelengths using heavily doped ZnGaO as plasmonic component [16] . Byreplacing the dielectric layer with this material,gain assisted reduction or even compensationof the optical losses might be possible. HMMs have attracted much attention because they allow for broadband enhancement of spontaneous emission and imaging below the diffraction limit.
In this paper, we study the enhancement of SHE of transmitted light through anisotropic metamaterial. Theoretical analysis is given and physical mechanism is explained. In order to realize large transverse shift of transmitted light, the possible combinations of real or imaginary z component of the wave vectors are analyzed based on simulation results. The influences of metamaterial loss and dispersion on SHE of transmitted light is also discussed.
Theoretical Analysis
We illustrate the SHE of transmitted light through anisotropic metamaterial as shown in Fig. 1 . Themetamaterial is anisotropic with a relative permittivity tensor of
and a thickness of d 2 .
The angular spectrum of incident Gaussian profile can be written as
in which w 0 is the beam waist. The angular spectra of transmitted and incident light beams have a relationship of [6] 
in which
and
Here k i z (i = 1, 2, 3) is the z component of the wave vectors in layer i, which can be expressed
As metamaterial is anisotropic k 2z can be written as k
The transverse shift of transmitted light is defined as [6] 
which can be calculated numerically. We give an approximate analytical expression of [2] 
According to [17] (4) and (5), t p and t s can be written as
According to the above analysis, we can find the transverse shift of horizontal (vertical) polarized light is (inversely) proportional to |t s |/|t p |. This means a large shift of splitting between right-and left-circularly polarized components requires a small |t p | and a relatively large |t s |. After transmitted through the anisotropic metamaterial, a right (left)-circularly polarized light will convert partially to left (right) one as the transmission coefficients for p-and s-polarized waves are different. Therefore the converted beam component undergoes a transverse shift to ensure the conservation law of angular momentum. The difference betwee t p and t s is proportional to the transverse shift of rightand left-circularly polarized beams.
In (4) and (5) it is easy to see exp(i k 2z d 2 ) is rather small for an imaginary k 2z because of a negative value of "i k 2z d 2 ". In this case the corresponding |t| will be greatly decreased. In the following we give the possible methods to enhance the SHE of transmitted light through an anisotropic metamaterial slab. 
Simulation Results and Discussion

SHE of Transmitted Light in Different Waveguides
In this section we discuss the enhancement of SHE of transmitted light through an anisotropic metamaterial slab in four cases. As the anisotropic metamaterial slab is placed in the air, we have ε 1 = ε 3 = 1 in the following simulation, and choose the beam waist of incident light as 50 μm. Fig. 2(a) and (b) , respectively. In these figures, the metamaterial thicknesses are chosen as 0.8λ (black), 1.0λ (red), 1.2λ (blue) and 1.5λ (olive). We can find with the increase of metamaterial thickness, the transverse shifts of right-circularly polarized light has almost the same variation trend. The maximum transverse shift is less than 0.5λ. In order to explore the reason for this phenomenon we give the values of |t s |/|t p | and cos(ϕ s − ϕ p ) in (7) for different metamaterial thickness in Fig. 2(c) and (d), respectively. With the increase of d2 the relation between |t s |/|t p | and θ is unchanged and the curve cos(ϕ s − ϕ p ) shows a narrower period in the angular spectrum. Thus |t p | and |t s | will not be affected by d2. Meanwhile light propagates a longer distance in the metamaterial with a larger thickness which causes a larger phase shift. As the phase shift changes more quickly in the angular spectrum the cos(ϕ s − ϕ p ) ∼ θ curve is certainly narrowed. It is easy to see the transverse shifts of right circular component of transmitted light for V-polarization input are very small as it is inversely proportionalto |t s |/|t p |.Meanwhile we find the metamaterial thickness change has no effect on the phase difference of (ϕ s − ϕ p ). As we have mentioned before exp(i k Fig. 5(a) and (b) . This case is similar to that in Fig. 5 and can be analyzed in the same method. With the increase of metamaterial thickness, |t p | decays more rapidly than |t s | and the transverse shifts of right circular component of transmitted light for V-polarization input will increase as the thickness increases. 
SHE of Transmitted Light in Lossy Metamaterial Waveguide
In this section we take into account the influence of metamaterial loss on the SHE of transmitted light. We choose λ = 1.55 μm, Re(ε || ) = −1, Re(ε ⊥ ) = 2 and d 2 = 2.0λ. We assume the imaginary parts of ε || and ε ⊥ are identical and equal to χ. The transverse shifts of right circular component of transmitted light for H-polarization input and V-polarization input are shown in Fig. 6(a) ) which means the attenuation coefficient of t s is larger than that of t p . If we introduce another attenuation factor of imaginary permittivity and assume the imaginary parts of ε || and ε ⊥ are identical, the increase of χ will make the attenuation coefficient of t s growing smaller than that of t p . This means |t p |/|t s | gradually decreases which induces a significantly reduction of transverse shifts of right circular component of transmitted light for V-polarization input in Fig. 6(b) . In addition, we can find a large imaginary part of permittivity has great influence on the phase shift between t p and t s . When χ = 1.5i, cos(ϕ s − ϕ p ) is close to 1 for different incident angle which means the phase difference of (ϕ s − ϕ p ) is close to zero. In this case, k p 2z and k s 2z are both imaginary and Im(k p 2z ) < Im(k s 2z ). The reason for this phenomenon is that the a much larger χ makes it to be a determinant factor to the phases of t p and t s which means the ϕ s and ϕ s are close to π/2. Therefore the phase shift between t p and t s is about zero and cos(ϕ s − ϕ p ) is close to 1 when χ = 1.5i. 
SHE of Transmitted Light in Dispersive Metamaterial Waveguide
At last we give an example for a recently reported semiconductor metamaterial (SMM) operating at telecommunication wavelengths using heavily doped ZnGaO as plasmonic component [16] . The dispersion of anisotropic metamaterial can be described as [16] 
where ε ZnO = 3.7 and
Here the permittivity of ZnGaO is described by Drude's dielectric function
in which ω p is the plasma frequency and is electronic damping rate. The HMM consists of 20 pairs of ZnO/ZnGaO with an individual layer thickness of d ZnO = 45 nm and d ZnGaO = 40 nm. According to Ref. [14] , other parameters are chosen as ω p = 1.88 eV, = 112 meV and d 2 = 1.7 μm. We give the dispersion curves of SMM and transverse shifts in SMM slab of right circular component of transmitted light for H-polarization input in Fig. 7(a) and (b) , respectively. We can find when 1.2 μm <λ < 1.288 μm, ε || and ε ⊥ are both positive. When 1.288 μm < λ < 1.55 μm, ε || is positive and ε ⊥ is negative. With the increase of incident wavelength, the imaginary part of ε || slowly changes and the imaginary part of ε ⊥ greatly increases. We can also find the maximum transverse shifts in SMM slab of right circular component of transmitted light for H-polarization input first increase and then decrease for incident wavelength change from 1.26 μm to 1.29 μm. To get further understanding about this phenomenon we give the dependences of |t s |/|t p | and cos(ϕ s − ϕ p ) on incident angle for different wavelength in Fig. 7(c) and (d) , respectively. The increase of wavelength brings a greatly enlarged imaginary part of ε ⊥ which induces the reduction of |t s |/|t p | and enlarge the phase difference between t p and t s .
Based on the above results we can conclude that as light propagates in the SMM slab will suffer a noticeable loss, the transverse shifts in SMM slab will be small. In our simulation a maximum transverse shift of 15.24 μm (12λ) can be obtained. The anisotropy of metamaterial can realize large transverse shifts of circularly polarized light, but the loss will reduce the maximum transverse shift at the same time. Here we must emphasize although the maximum transverse shift of SMM slab is much smaller than the theoretical prediction in Figs. 3-6 , it is still larger than the maximum transverse shift in the isotropic metamaterial slab (about 7λ) [8] or metal waveguide(less than λ) [17] . Therefore to enhance SHE of transmitted light, we should take measures to realize the k 2z distribution as in Section 3.1.1 to 3.1.4 and a relatively small absorption of the anisotropic metamaterial.
Conclusion
In this paper, we study the SHE enhancement of transmitted light through an anisotropic metamaterial slab. Based on theoretical analysis we obtain four possible combinations of real or imaginary z component of the wave vectors to realize large transverse shift of transmitted light. The anisotropy of metamaterial brings the possibility of greatly enhanced SHE of transmitted light but the material loss significantly reduce the transverse shift. A maximum transverse shift of 15.24 μm (12λ) can be achieved in an anisotropic metamaterial of ZnGaO/ZnO multilayer without any amplification method which is more than double of the maximum transverse shift through epsilon-near-zero metamaterial slab. Anisotropic metamaterial provides a flexible method to enhance and modulate the SHE of transmitted light.
